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Abstract 
Dual-frequency (DF) harmonic imaging simultaneously utilizes the imaging information at both f0 and 2f0 frequencies. When 
phase-coded complementary Golay sequence is combined with DF harmonic imaging to improve signal-to-noise ratio, however, 
the mutual crosstalk between the f0 and 2f0 imaging bands may degrade the image quality. In this study, orthogonal encoding is 
proposed to suppress the crosstalk artifacts by encoding the f0 and 2f0 imaging signals as a1(n) and a2(n) sequence in the first 
firing and b1(n) and b2(n) sequence in the second firing. The a1(n), b1(n) is one complementary Golay pair and the a2(n), b2(n) is 
another complementary Golay pair. The two complementary pairs are orthogonal to each other. Both hydrophone measurement 
and B-mode imaging show that the orthogonal encoding effectively suppresses the mutual crosstalk and restore the resultant main 
lobe width after Golay decoding.  
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scientific Committee of 2015 ICU Metz. 
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1. Introduction 
Conventional single-frequency (SF) harmonic imaging is performed by transmitting at fundamental frequency of 
f0 and receiving at second harmonic frequency of 2f0 and is unable to fully utilize the transducer bandwidth. 
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Therefore, dual-frequency (DF) harmonic imaging has been proposed to transmit and to receive at both f0 and 2f0 
frequencies [1-2]. The simultaneously acquired f0 and 2f0 imaging can improve image contrast by spectral 
compounding [3]. Nonetheless, DF harmonic imaging is still under the limitation of low signal-to-noise ratio (SNR).    
Phase-encoded Golay sequence has been explored in our previous work for DF transmission [4]. 
Complementary Golay excitation is a pair of phase encoded N-bit binary sequence a(n) and b(n) (n =1...N) and the 
sum of their respective matched filtering is a delta function with 2N magnitude: 
 
a(n) ∗ a(-n) + b(n) ∗ b(-n) = 2Nį(n)                                                                                                                      (1) 
 
where * represents the convolution process, N is the number of bits and į(n) represents the delta function. Though 
the complementary Golay can effectively overcome the disadvantage of low SNR in DF harmonic imaging, the 
interferences from neighboring frequency bands at DC and 3f0 frequencies is one major problem due to the 
generation of range side lobe artifacts. Therefore, supplementary Golay pair has been proposed to combine with the 
original Golay pair for range side lobe cancellation [5]. Specifically, a pair of phase encoded sequence is designed to 
keep the f0 and 2f0 imaging signals unchanged while reversing the DC and 3f0 interferences in polarity.  In the 
combination of the supplementary and original Golay pair, the range side lobe artifacts from DC and 3f0 components 
can be effectively eliminated. 
      However, even with the supplementary Golay scheme, it should be noted that the mutual crosstalk between the f0 
and 2f0 imaging signals still remain. In other words, the spectral overlap between the f0 and 2f0 imaging signals may 
pose interference to the process of Golay decoding and therefore degrade the image quality. In this study, we 
propose that the orthogonal Golay pairs can completely eliminate the mutual crosstalk between the f0 and 2f0 
imaging signals in DF harmonic imaging.  For high-bit binary sequence a1(n), b1(n), a2(n) and b2(n) (n =1...N) with 
N larger than 2, the orthogonal property of Golay is defined by: 
 
a1(n) ∗ a1(-n) + b1(n) ∗ b1(-n) = 2Nį(n)                                                                                                                        (2) 
  a2(n) ∗ a2(-n) + b2(n) ∗ b2(-n) = 2Nį(n)                                                                                                                       (3) 
with 
a1(n) ∗ a2(-n) + b1(n) ∗ b2(-n) = 0                                                                                                                                 (4) 
 
In other words, the a1(n), b1(n) pair is one complementary Golay and the a2(n), b2(n) pair is another complementary 
Golay. The two complementary pairs are orthogonal to each other when the cross-correlation of a1(n) and a2(n) in 
combination with the cross-correlation of b1(n) and b2(n) is zero.  
2. Theory 
4-bit complementary Golay pair can comprise of a(n) = [1 1 1 -1] and b(n) = [1 1 -1 1]. For f0 imaging signal, two 
firings are required to encode the imaging component as either a(n) or b(n). Similarly, the 2f0 imaging signal also 
has to be encoded as either a(n) or b(n) in the two firings. This gives two possible designs of Golay encoding in DF 
harmonic imaging. In Case1, the f0 and 2f0 imaging components are simultaneously encoded as a(n) in the first firing 
and as b(n) in the second firing. As an example, Table 1 shows the DF transmit phases which encode the f0 and 2f0 
harmonic imaging components as required in Case 1.  
For example, Fig. 1 schematically illustrates the decoding process of f0 imaging in which the f0 component is 
the imaging signal and the 2f0 component is the unwanted mutual crosstalk. For Case1, Fig. 1(a) shows that both the 
crosstalk and the imaging signal can be correctly decoded as in Eq. (1). However, since the decoding process also 
acts as band-pass filtering, the spectral bandwidth of mutual crosstalk will be significantly reduced after decoding. 
Therefore, the pulse length of 2f0 crosstalk in the time domain may become much longer than the pulse length of f0 
imaging signal. Since the 2f0 crosstalk cannot be separated from the f0 imaging signal, the presence of 2f0 crosstalk 
may lead to longer axial profile and thus degrade the axial resolution in f0 imaging.  
For the reference Case2, the f0 and 2f0 imaging components are respectively encoded as a(n) and b(n) in the 
first firing.  In the second firing, the f0 and 2f0 imaging components are respectively encoded as b(n) and a(n) in the 
second firing. Fig. 1(b) shows that, in Case2, only the f0 imaging signal can be correctly decoded while the 2f0 
crosstalk suffers from erroneous decoding and will produce significant range side lobe after decoding.  
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For Case3 in Fig. 1(c), the f0 and 2f0 imaging components are respectively encoded as a1(n) and a2(n) in the 
first firing.  In the second firing, the f0 and 2f0 imaging components are respectively encoded as b1(n) and b2(n) in the 
second firing. Since the a1(n) and b1(n) sequence is a complementary pair, the f0 imaging signal also can be correctly 
decoded as in Case1. Similarly, the 2f0 imaging signal also can be correctly decoded due to the a2(n) and b2(n) 
complementary pair. On the contrary, for 2f0 crosstalk in f0 imaging, the orthogonal property of the two Golay pairs 
guarantees the 2f0 crosstalk will be completely eliminated after decoding. Therefore, it is expected that Case3 should 
outperform Case1 in term of image quality due to crosstalk suppression. In this study, Case3 is referred to as the 
orthogonal encoding method. 
Fig. 1. Golay Decoding of f0 harmonic component 
3. Experimental Setup 
  For hydrophone measurement, the experimental system consists of one 3.5-MHz single-element transducer 
with a -6-dB fractional bandwidth of 80% (Panametrics V380, Waltham, MA, U.S.A) for transmission and one 
calibrated PVDF needle hydrophone (Force Technology, MH28-6, Brøndby, Denmark) for reception. Both the 
transmit transducer and the hydrophone are submerged in a water tank. The Gaussian-windowed chirp waveform is 
generated by an arbitrary function generator (model 2571, Tabor Electronics, Tel Hanan, Israel). The waveform is 
amplified by a broadband 50-dB RF power amplifier (ENI 350LA, Rochester, NY, U.S.A.) to drive the transmit 
transducer. For comparison, a reference SF chirp waveform with only the f0 component is also implemented. The 
received signal is sent to an ultrasonic receiver (Panametrics PR5072, Waltham, MA, U.S.A.) to remove noises by 
filtering and then digitized by an analog-to-digital card (model PCI-9820, Adlink, Taipei, Taiwan). To extract the 
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second-order harmonic signals, the PI technique is performed by transmitting a pair of inverted waveforms and 
summing the corresponding echoes. The extracted harmonic signals at f0 and 2f0 frequencies were decoded by their 
respective harmonic compression filters and then demodulated to acquire the signal envelopes. For B-mode 
harmonic imaging, the pulse-echo configuration is utilized and the echoes are received by the same transmit 
transducer. A wire phantom was used as the imaged object. Note that, for each transmit waveform, the pulse 
inversion (PI) technique is performed to remove the linear component. 
Fig. 2. Spectra of received signal in the hydrophone measurements after decoding for f0 (Left) and 2f0 (Right) imaging bands frequency. 
 (a) Signal bandwidth = 30%. (b) Signal bandwidth = 60%. 
4. Results 
  Fig. 2(a-b) shows the signal spectra after Golay decoding respectively for f0 and 2f0 imaging with signal 
bandwidth of 30 % and 60 %. Main differences between both imaging bands are the protrusions after filtering from 
neighboring band, mutually for each case. Case1 shows a smooth protrusion from the correctly decoded spectra 
crosstalk from the neighbor band, however, still remains as a mutual interference which causes the imaging band 
widen as the signal bandwidth increase. Untidy protrusion from nearby signal shows that Case2, with in-correct 
decoded neighboring signal, results in a serious mutual interference. In Case3, the orthogonal encoded method 
further suppresses the mutual crosstalk and thus exhibits a smooth spectra signal without protrusion from mutual 
crosstalk as shown in red solid line. 
The normalized signal envelope of both f0 and 2f0 imaging band with signal bandwidth of 60% is shown in Fig. 
3. As expected, the reference Case2 results in significant range side lobe up to -30 dB in front of and in the rear of 
the main lobe signal. Though both Case1 and Case3 produce negligible level of range side lobes, Case1 shows a 
wider main lobe compared to Case3. This is because that Case1 is affected by the crosstalk which overlapped with 
the main lobe signal to widen the main lobe. In Case3, however, the mutual crosstalk is completely removed and 
thus will not interfere with the main lobe. 
Fig. 3. Harmonic signal envelope of both f0 and 2f0 imaging band with signal bandwidth of 60%. 
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Fig. 4. B-mode harmonic images of the wire phantom with signal bandwidth of 60%  and the display dynamic  range is 50 dB. 
(a)  f0 image. (b)  2f0 image. 
 
   Fig. 4 demonstrated the B-mode harmonic images of the wire phantom for signal bandwidth of 60%, with a 
display dynamic range of 50 dB. For both f0 and 2f0 images, Case1 shows broadened axial profile compared to that 
of Case3 due to the existence of mutual crosstalk between the f0 and 2f0 imaging signals. This is consistent with the 
observations in hydrophone measurements.  
5. Discussions And Concluding Remarks 
  In DF harmonic imaging, the presence of mutual crosstalk between the f0 and 2f0 imaging signals will elongate 
the axial profile of main lobe and thus degrade the image quality. In this study, orthogonal Golay encoding is 
proposed to completely eliminate the mutual crosstalk by encoding the f0 and 2f0 imaging signals as a1(n) and a2(n) 
sequence in the first firing and b1(n) and b2(n) sequence in the second firing. Our results in both hydrophone 
measurements and B-mode imaging have experimentally demonstrated that the orthogonal encoding effectively 
reduces the main lobe width for better axial resolution after Golay decoding. 
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